An investifgation2of heavy-ion resonance structures using the 24Mg( 0, 1C)28Si reaction is presented. The data are analyzed in the context of Breit-Wigner resonances added to a direct-reaction background.
Introduction
The inter~jtions of heavy-ion systems such as 12C + 28Si and 160 + Mg at energies ranging from the Coulomb barrier to several times the barrier height have been of considerable recent interest because of their apparent resonance character. With the large number of open reaction channels and the high density of states in the compound system with angular momenta near to that of the grazing value, it might be expected that any possible resonances in these interactions would have sufficiently large spreading width to be unobservable. This view was supported by the analysis of Cramer et al.1 of forward angle elastic scattering data for the 160 + Si system over the energy range 33 MeV9E1ab&215. 2 MeV. Here an energy independent optical potential was found which could well reproduce the experimental data and which had the properties of being strongly absorbing and having a shallow real well depth. The first evidence that strong absorption does not give a complete picture was found by Braun-Munzinger et al. 2 who extended to elab= 1800 the elastic scattering measurements of 160 + 28Si at Elab= 55 MeV and found that, rather than a relatively monotonic decrease of do/daRuth(O) to a value of 10-6 as predicted by the strong absorption potential, the cross section ratio to Rutherford becomes highly oscillatory near C. m. = 700 and reaches a value of da/daRuth 10-2 at 1800. The Argonne where the reaction products were momentum analyzed in an Enge split-pole magnetic spectrograph and detected in an ionization-chamber, focal-plane detector. For measurements at and near to 00, an Au foil was placed in front of the detector to stop the 160 beam. The particles passing into the counter yielded AE-E signals for Z identification. Since a spectrograph was not available at the LINAC booster facility at Argonne, for these measurements a AE-E telescope with Si(SB) detectors was used to determine the energy and Z of the reaction products. All of the backward-angle data (0c. m. > 1200) were obtained at Brookhaven by studying the kinematically reversed reactions with 24Mg as the projectile and the lighter outgoing particles detected at forward angles in the BNL-QDDD magnetic spectrograph. A double-wire proportional counter was used for position and AE-E information, and, again, for measurements near 0lab = 00 the detector was shielded from the primary 24Mg beam by the use of absorber foils. The beam energy spread resulting from the target thicknesses was typically 300-500 keV for both the forward-and backward-angle measurement. Further details of the experimental techniques and the normalization procedures can be found in references 7-10.
Results and Discussion
In Fig. 1 we show the elastic scattering of 160 + 24Mg at Ec. m. = 27. 8 MeV over the angular range 80 < Oc. m. < 1800. The cross section ratio dO/daRuth is found to drop to 0.1% before rising at backward angles to 10% at 1800.
The far backward-angle data is found to be highly oscillatory with a spacing of the cross section maxima roughly that for a IPt, (cos 0) 12 angular dependence with t, = 20 4 1. This backward angle rise in the 160 + 24Mg elastic scattering data is similar to that found in 12C + 18Si scattering3 and, hence, in both the entrance-and exit-channel elastic scattering for the 24Mg (160, 12C) 28Si reaction are found similarly enhanced backward-angle yields above that expected from a strong absorption model. The two curves shown in Fig. 1 are the elastic scattering predictions of optical model potentials which are used in DWBA calculations for the transfer reaction. The dashed curve is derived using the potential ANL1 (see Table 1 ) of Erskine et al. 4 This potential, which successfully reproduces the general behavior of the transfer reaction data at forward angles (0c. m. < 500) over the energy range 26 MeV < Ec. m. < 33 MeV for both the groundstate4, 7, 9 and several excited-state trmsitions, 10 is employed in the Breit-Wigner resonance analysis discussed later in this paper. The solid curve in Fig. 1 shows the elastic scattering calculated using a potential which was fitted to forward-angle elastic-scattering data at Ec m= 27. 8 MeV and 36. 2 MeV by fixing the well depths at the ANL1 values and then varying the geometric parameters. These fitted parameters are listed in Table 1 Fig. 2 . Figure 3 . Forward-angle excitation functions for a number of the 24Mg(160, 12C)28Si* reaction channels.
The relatively large magnitude of the resonance term f,Ees found at Ec m = 27. 8 MeV and 36. 2 MeV with respect to the non-resonant background for the transfer reaction (as indicated by o-(1800)/Ar(0) -10-30%), suggests that resonance effects should be observable at forward angles with the transfer reaction. In Fig. 3 we show excitation functions7' 9 10 of forward angle yields for several of the well resolved states in 28Si: the ground state (J1 = 0+), the 1. 78 MeV level (JrT= 2+), a 6. 9 MeV doublet (J17 -3-+ 4+), and the 9. 7 MeV level (JT = 5-). The excitation functions of all four levels show similar, and strongly correlated, resonance features. These structures are totally unexpected from DWBA calculations. For the ground state transition the predicted direct (DWBA) behavior using the ANLI optical potential in both entrance and exit channels is shown. Also shown in Fig. 3 is the integrated yield for 6.4 MeV < EX(Si) < 10 MeV. The peak-to-valley ratios in this summed yield plot are greater than can be accounted for with just summing the 6. 9 MeV and 9. 7 MeV levels. Angular distributions for 100 < 0c. m. <500 of the transitions to the 6. 9 MeV and 9. 7 MeV levels are foundl1 to be relatively featureless with a monotonic decrease in cross section as a function of angle. These angular distributions are well fitted by DWBA calculations using the ANL1 potential.
The excitation functions shown in Fig. 3 offer the strongest evidence yet that these cross sections are influenced by true resonances of the compound system. It is unlikely that any dynamic (as opposed to structural) effects could result in such similar behavior for the different channels. Measurements to test whether 24Mg excited states will show similar correlated features by studying the 28Si (12C, 160)24Mg* reactions are in progress. 
where the overall phases include the DWBA nuclear phase (Pnucl and the incoming and outgoing Coulomb phases gin and %out. The additional phase p was kept fixed over the full energy range and was treated as an adjustable parameter. The incoming and outgoing partial widths rin and rout are expressed in terms of energy independent reduced widths by factoring out the Coulomb and centrifugalbarrier penetrabilities:
where the penetrability factor can be expressed in terms of regular and irregular Coulomb wavefunctions as =kR C 2 2 (5) F + G For the present analysis the radius parameter R was taken as 1.6 x (A3 + A1/3) fm. The DWBA amplitudes f)WBA were calculated using the ANLI potential.
In Fig. 4 and 5 The energy independent analysis of the full angular distribution at 27. 8 MeV, as discussed, indicates an t assignment of between 19 and 21. The Oc. m. = 900 excitation function9 for the reaction, however, has a strong maximum at 27. 8 MeV, which indicates an even partial wave enhancement. For the second strong maximum found in the 00 yield near 30. 8 MeV, there is a minimum in the 900 excitation function --which is consistent with an odd t assignment --but there is also a relative minimum in the 1800 excitation function. These features can only be understood by the interference of at least two partial waves, one even and one odd. This is clearly seen in Fig. 4 
